SUMMARY: Sodium ion and to a less extent potassium ion enhanced the growth and the syntheses of various toxic proteins of Clostridium perfringens PB6K. The optimum concentration of the total sodium and potassium ions was between 0.1 M and 0.15 M. Autolysis of the organism was often observed when grown in a synthetic medium suitable for toxin production.
INTRODUCTION
The previous reports (Murata and Yamamoto, 1964; Murata et al., 1965) indicated that a substrain derived from Clostridium perfringens PB6K produced fairly potent alpha toxin in a synthetic medium containing L-arginine at a high concentration. Unlike the results of the earlier works (Jayko and Lichstein, 1959; Tsukamoto, Yamamoto and Murata, 1963) no peptides were required for the production of alpha toxin under rigidly controlled cultural conditions.
The organism grown in the synthetic medium was, however, prone to lyse at various stages of growth.
It was apparent that the lysis occurred often in the medium containing phosphate at a high concentration. Shanker and Bard (1952) showed that various metallic ions affected the morphology and metabolic activities of C. perfringens, but they did not consider the problem of toxin production.
It appeared to be of great interest to scrutinize the effects of inorganic ions on both growth and toxin production.
The results of the experiments performed along this line have made it possible to elaborate a composition of the medium suitable for production of alpha toxin without vigorous autolysis.
MATERIALS AND METHODS
Strain, cultural methods and assay methods of growth and of alpha toxin: These were similar to those described in the previous paper (Murata et al., 1965) except for a few modifications. 1) Yeast extract (Daigo-Eiyo Co.) was added in a concentration of 0.5 % to the seed medium consisting of the papain digest of beef and of fructose (Murata, Yamada 2)
The synthetic medium described before (Murata et al., 1965) was used at the beginning of this study and called SM 65 (Table  1) 1) Solutions of iron, thioglycollic acid and fructose were autoclaved separately.
2) Glutamine, adenine, uracil and vitamins were sterilized by filtration (see the text).
3) Cultures were incubated at 37 C, instead of 35 C as in the previous reports. Since cells often tended to lyse after 4 hr incubation or later as illustrated by curve b in Fig. 1 , the optical density of the culture was read hourly and the maximum value was recorded, unless otherwise stated. Alpha toxin was titrated usually only once after 6 hr incubation, when the value reached the maximum irrespective of the status of lysis. Rarely the autolysis started soon after the beginning of growth and the optical density (OD) value remained at such a low level as 0.1-0.2. On such an occasion, 
RESULTS

Effect of Sodium and Potassium Ions on the Growth and Toxin Production
As suggested by Murata et al.(1965) , the high concentration of phosphate required for the production of alpha toxin may have been due to the activity of rations. Experiments, therefore, aimed at investigating the effect of sodium and potassium ions on the growth and toxin production.
A low-phosphate medium, SM 65 (M/160 Ph), was selected as a basal medium, since growth was abundant but toxin production was rather poor in it (Murata et al., 1965) . Various amounts of sodium chloride and potassium chloride were added to the basal medium to maintain the Na+/K+ ratio at a constant level of 8 : 1.
As shown in Fig. 2 , the OD value of the culture dropped sharply, while the yield of alpha toxin rose significantly as the salt concentration increased. The maximum yield of the toxin was obtained when the total Na+ + K+ concentration was between 0.1 and 0.15 M. Further increase in the salt concentration was harmful for both the growth and toxin production. No toxin was detectable within the cells grown in the basal medium when examined by the egg yolk method or by intravenous injection into mice.
Similar experiments were carried out with media with different phosphate concentrations, as shown in Table 2 . Evidently, the concentration of the monovalent rations, not of phosphate, played an important role in promoting toxin production. The optimum concentration of the total Na++ K+ for the toxin production was between 0.1 and 0.15 M, irrespective of the phosphate concentration. Another experiment disclosed that sodium nitrate could replace sodium chloride without significant reduction in the yield of toxin, though growth was slightly impaired.
In order to compare the activity of potassium ion and of sodium ion, various amounts of sodium chloride and of potassium chloride were added to the low-phosphate medium, SM 65 (M/200 Ph), to vary the Na+/K+ ratio maintaining Na++K+ concentration at a constant level of about 0.1 M. Table 3 indicates that though toxin was produced over a wide range of Na+/K+ ratio, excess of potassium ion retarded the growth, lowered the final pH and reduced the yield of toxin, while excess sodium ion was not unfavorable in any respect. Though potassium ion was an indispensable component, its minimum requirement was small. A concentration of no higher than 0.01 M was enough for both the growth and toxin production provided that the total Nam +K+ concentration was kept at 0.1 M to 0.15 M with sodium chloride. Table 3 . Effect of the Na+/K+ ratio on the growth and toxin production of C. perfringens 1) Basal medium: SM65 (M/200 Ph). 2) NaCl and KCl were added to the basal medium in various amounts, keeping the total Na+ and K+ concentration at a constant level of 0.1 M.
The poor growth apparent in high-salt media may have been due to the autolysis during the early stage of growth. This was confirmed as illustrated in Fig. 3 by hourly determinations of the optical density. The higher the salt concentration, the more marked was the autolysis, and such a tendency was more pronounced in lowphosphate media.
The Importance of the Buffer Action of the Medium for Toxin Production
The effect of monovalent cations on the toxin production in low-phosphate media was marked but the results fluctuated depending on each experiment, probably due to the different extents of acid production.
The yield of alpha toxin was usually poor when the final pH was lower than 6.0. When acid production was vigorous, not only the yield of toxin but also the growth was significantly poorer in a low-phosphate medium such as SM 65 (M/200 Ph) than those in well-buffered one even when the former was enriched with sodium and potassium ions. When acid production was abundant, the growth and toxin production in low-phosphate media were enhanced if the buffer action of the medium was strengthened with sodium bicarbonate, as shown in Table 4 . Effect of NaHCO3 on the growth and toxin production of C. perfringens * NaCl (or NaHCO3) and KCl were added to make the Na+/K+ ratio 8: 1 .
ing 10 ml of media. Table 5 shows that the addition of the cations promoted the production of different toxins as well as the synthesis of bacterial protein in general. A better yield of alpha toxin in medium (3) may have resulted from its strong buffer action. Table 5 . Effect of sodium and potassium ions on the production of various toxins
1) The total Na+ and K+ concentrations in media (2) and (3) were 0.1 M and 0.09 M, respectively, and the Na+/K+ ratio was 8: 1. 2) Determined after 6 hr incubation.
3) The OD values were determined at the light path of 16 mm. 4) Calculated from TCA-insoluble nitrogen.
Effect of Divalent Cations on the Growth and Toxin Production
It is of great interest to see whether divalent cations have the activity similar to that of the monovalent ones stated above. Various amounts of divalent cations that had been reported to be necessary for growth were added to the low-phosphate medium SM 65 (M/200 Ph), as shown in Table 6 . In contrast to monovalent cations, toxin production was not promoted but rather inhibited when the concentration of the divalent cations in the medium was increased. Generally, the final pH became lower as the amount of the cations increased.
Since divalent cations have been reported to have a stabilizing effect for the membrane structure of bacteria (Brown, 1964; Razin, 1965) , experiments were performed to see whether they inhibit the autolysis of the organism grown in a medium suitable for toxin production. In such an experiment a low phosphate medium supplemented with the monovalent cations and buffering reagents was suitable because the organisms tended to lyse in this medium (see Fig. 3 ). Table 7 shows that various divalent cations prevented the autolysis, though most of them were harmful for toxin production with the exception of calcium. The optimum concentration of calcium to prevent the autolysis was about 0.5 mM, as illustrated in Fig. 4 . Then we scrutinized the effect of calcium on the growth as well as on the protein synthesis. Three media shown in Table 8 were used. Experiments were carried out with 300 ml Erlenmeyer flasks each dispensed with 200 ml of medium. The amount of the inoculum was adjusted so as to obtain the maximum growth after 6 hr incubation. Table 8 clearly demonstrates that calcium prevented the autolysis without any harmful effect on the growth and production of various toxins . 2) The concentration of Mgt, Fe2+ or Zn2+ in the basal medium was 0.8 mM, 0.025 mM or 0.024 mM, respectively. 3) NaCI and KCl were added so that the total Na+ and K+ concentration and Na+/K+ ratio became 0.1 M and 8: 1, respectively. Vol. 21 Table 7 . Effect of divalent cations on the autolysis of C. perfringens 1) Basal medium: SM65 (M/250 Ph) supplemented with NaC1, NaHCO3 and KCl so that the total Na+ and K+ concentration would be 0.1 M and the Na+/K+ ratio 8: 1.
2) The concentrations of Fe+, Zn2+ or Mg2+ in the basal medium were 0.025 mM, 0.024 mM and 0.8 mM, respectively. 3) Figures show the total concentration of the cation in the medium. Table 8 . Effect of calcium on the growth and toxin production 1) As regards the concentration of the monovalent cations, refer to the footnote of Table 7 . 2) Determined after 6 hr incubation. Table 9 . Composition of SM67, a new medium * These components were sterilized separately as follows: 1) Solutions of iron, fructose and thioglycollic acid were autoclaved separately.
New Medium for Toxin Production
2) Crystals of NaHCO3 were autoclaved in a test tube and dissolved by adding autoclaved fructose solution to a desired concentration and then added with the sterile iron solution (ion-sugar-buffer mixture). 3) Glutamine, adenine, uracil and vitamins were sterilized by filtration as shown in Materials and Methods (growth factor mixture). Table 10 shows that this new medium (called SM 67) is superior to SM 65 in many respects. Since the autolysis was prevented, it became possible to transfer the strain successively in the same medium.
One loopf ul of the culture was sufficient to give Table 10 . Comparison of growth and toxin production in two synthetic media 1) N5P67 was obtained from C. perfringens PB6K N5 strain by three successive pigeon passages carried out by the method described by Logan et al., (1945) . The strain was prone to lyse in SM65 after several transfers in PYF medium. 2) L4 and L5 were the lyophilized strains from subcultures of N5 maintained in the synthetic medium SM67. The strains were used after two transfers in the PYF seed medium. luxurient growth in the new medium. With such a small inoculum, the maximum growth was obtained in 10 to 12 hr and the yield of alpha toxin was comparable to the culture seeded with a large inoculum and harvested after 6 hr of incubation, as shown in Table 11 . It was also observed that the level of toxin produced during the active growth was maintained for several hours after the logarithmic phase . In addition, the toxigenicity of the strain was kept unchanged in this medium for at least 40 transfers, while it was liable to drop sooner when maintained in the PYF medium as reported before (Murata et al., 1965) . 
DISCUSSION
Adequate balances of metallic elements are required not only for growth of microorganisms but also for syntheses of specific factors responsible for the virulence of pathogenic bacteria (Brown, 1964; Weinberg, 1962 Weinberg, , 1966 . Little is known about the role played by metallic ions in the processes of toxin production by C. perfringens, though there have been many reports on the effects of metallic ions on growth, morphology and metabolism of the organisms (Pappenheimer and Shaskan, 1944; Boyd, Logan and Tytell, 1948; Webb, 1949; Bard and Gansalus, 1950; Shanker and Bard, 1952, 1955 a, b; Fuchs and Bonde, 1957) . Iron was the only metal presumed to influence the production of alpha toxin (Pappenheimer and Shaskan, 1944) . We have demonstrated that quality and quantity of metallic ions in the medium required for toxin production were different from those needed for growth in many respects (Murata et al., 1965) . The concentration of phosphate, Zn2+, Fe2+ and probably Mg2+ should be controlled more rigidly for toxin production than for growth.
A high concentration of phosphate was required for toxin production, though rather harmful for growth. The results in Table 2 and Fig. 2 show that it is not phosphate ion but monovalent cations which actually regulate the toxin production.
Such an activity was not manifested by a single ion; both potassium and sodium ions were able to enhance toxin production to a certain extent, though potassium excess was rather harmful (Table 3) . Divalent cations did not replace the monovalent ones (Table 6) , probably because of their inhibitory activity for the growth and toxin production (see below).
The results in Tables 5 and 8 indicate that the effect of the monovalent rations may not be restricted to the production of a certain specific toxin. The fact that no alpha toxin was detectable within the cells grown in the basal medium indicates that the effect is not merely the release of the toxin already produced within the cells . Therefore, the monovalent cations may enhance the general synthetic activity of the organism. Although it is too early to make an explanation on the mechanism of the activity, it may be plausible to conclude that the increased osmotic pressure may enhance the protein synthesis, as shown by Brown (1961 Brown ( , 1964 with marine bacteria. Alternative explanations may be that sodium or potassium ion stimulates a certain enzyme system (Skou, 1957; Crisley, 1963; Drapeau and MacLeod, 1963; Miller and Avi-Dor, 1964; Holmes and Halvorson, 1965) or that the cations may influence the transport of the essential nutrients (Wheeler et al., 1965) . Further studies are required to elucidate the mechanism.
A high concentration of phosphate in SM 65 may have another merit in giving a strong buffer action to the medium. The pH of the culture was prone to decline in a low phosphate medium to a value below 5.0 which is unfavorable for toxin production (Gale and van Heyningen, 1942) . The acid production seemed to differ depending on each experiment and such a fluctuation apparently resulted from different conditions of the seed culture (Soda et al., 1968) .
Though monovalent cations may enhance the toxin production the autolysis was often marked in a low phosphate medium enriched with salts and buffer ( Fig. 3 and  4) . It may be possible that the membrane structure might suffer from some conformational changes by enhanced protein synthesis (Brown 1961) . Evidences have been shown that membranes of microorganisms may undergo structural changes by altering the ionic strength or composition of the media Gibons, 1960, 1961; Henneman and Umbreit, 1964; Brown, 1964) . Changes in membrane structure may render the organism susceptible to the autolysis.
Divalent cations did not enhance the toxin production in a low-phosphate medium but prevented the autolysis (Table 7) . Probably the cations may serve to stiffen the membrane structure by neutralizing excess negative charge produced by active protein synthesis as suggested by many workers (Mueller, Rudin and Wesscott, 1962; Brown, 1962; Razin, Morowitz and Terry, 1965; Asbell and Eagon, 1966) . However, divalent cations except for Ca2+ were shown to be harmful for toxin production at a concentration necessary to prevent the autolysis. In some experiments where the lysis was vigorous, Ca2+ apparently increased the yield of the toxin. This activity, however, may be an indirect one due to the prevention of early autolysis, since the ion per se was not favorable for toxin production whenever the autolysis was negligible.
Though the mechanism of the inhibition of the toxin production by divalent cations has not yet been clarified, a decline in the final pH was observed invariably at their excess. It may be plausible to conclude that divalent cations affect the carbohydrate metabolism as illustrated with iron by Pappenheimer and Shaskan (1944) and Bard and Gansalus (1960) . However, the exact mechanism of this awaits further study. It is of interest to cite here the role of zinc (and manganese to a less extent) in the toxin production (Murata et al., 1965) . In contrast to the monovalent cations which may stimulate the general synthetic process, zinc seems to be connected with a certain special process in the synthesis of toxin, since its elimination did not affect the growth, as shown before. Details on this problem will appear in a separate communication.
The fact that alpha toxin was produced with a small inoculum and that the toxigenicity of the strain was maintained for more than 40 transfers in the synthetic medium may be sufficient to exclude the possibility that some toxin promoting factors were carried over accidentally into the synthetic medium from the seed culture. However, a still unknown factor (s) in complicated media may play some role in promoting the toxin production, since the yield of alpha toxin produced in our medium was about 30-50 % of the peptone medium.
